Two facultative chemolithotrophic, nitrate-reducing thiosulfate-oxidizing strains, F43b
The Rhizobiaceae are a large family of the class Alphaproteobacteria, consisting of more than nine genera [1, 2] including Agrobacterium, Rhizobium, Allorhizobium, Ensifer (Sinorhizobium), Shinella, Pararhizobium, Neorhizobium, Carbophilus and Ciceribacter. Most strains in this family are nodule-forming symbiotic microorganisms with nitrogen-fixing abilities [3] . Therefore, nodule formation and nitrogen fixation are key characteristics of classic species of the family Rhizobiaceae. Among this family, Ciceribacter is a novel genus described mainly based on phylogenetic and physiological information and Ciceribacter lividus MSSRFBL1
T is the only species identified for this genus so far [4] .
Increasing evidence showed that nitrate-reducing sulfideoxidizing bacteria play important roles in nitrogen and sulfur cycling in diverse ecosystems [5] , especially in sulfide-rich anoxic sediments [6, 7] . However, few nitratereducing sulfide-oxidizing bacteria have been obtained. Here, an enrichment experiment was performed using a medium described previously [8] to obtain nitrate-reducing sulfide-oxidizing bacteria from the sulfide-rich anoxic sediment of an urban creek in Pearl River Delta, China. The sediment sample (10 g ) was added to the enrichment medium (100 ml), which was incubated for 2 weeks and sub-cultured three times. After serial dilution with distilled water, 0.1 ml culture suspension was spread onto agar plates. The plates were incubated at 30 C in an anaerobic chamber. Two nitrate-reducing thiosulfate-oxidizing strains, named F43b
T and F21 (Fig. S1 , available in the online Supplementary Material), were obtained after several single colony purification steps.
Phylogenetic analyses of 16S rRNA genes and housekeeping genes including thrC, recA, glnII and atpD were performed to locate the taxonomic position of the isolates. 16S rRNA gene amplification was performed with primers and a protocol described by Kumar et al. [9] , and the thrC gene was amplified using the primers thrC577F and thrC1231R [10] . The sequences of the recA, glnII and atpD genes were determined as reported previously [11] . All amplicons were accurately sequenced and the corresponding sequences were aligned with the respective related sequences selected from the BLAST database at the NCBI using the CLUSTAL-X program [12] . Phylogenetic trees were reconstructed by the neighbour-joining method [13] in the MEGA5 program [14] . The results revealed that the 16S rRNA gene sequences from the isolates were almost identical (99.9 %) and shared the highest sequence similarity (98.8 %) to those of C. lividus MSSRFBL1 T , followed by those of Rhizobium rosettiformans W3 T (97.6 % sequence similarity) and Rhizobium daejeonense L61 T (97.5 % sequence similarity). The neighbourjoining tree showed that the isolates formed distinct phylogenetic lineages close to C. lividus MSSRFBL1 T , which was outside of the clades of the genus Rhizobium (Fig. 1) .
Analysis of housekeeping gene sequences revealed that strain F43b
T shared the highest sequence similarity of 98.6 % for thrC, 99.1 % for recA, 97.6 % for glnII and 96.1 % for atpD to strain F21. Subsequently, the sequence similarities between strain F43b T and MSSRFBL1 T for thrC, recA, glnII and atpD were 90.9, 94.8, 95.4 and 96.1 %, respectively. However, both isolates exhibited relatively low sequence similarity, based on these housekeeping genes (<83.0 % for thrC, <88.0 % for recA, <90.0 % for glnII and <94.2 % for atpD, respectively), to the recognised species of the genus Rhizobium. The neighbour-joining dendrograms of thrC (Fig. S2) , recA (Fig. S3) , glnII (Fig. S4) and atpD (Fig. S5 ) supported the 16S rRNA gene sequence-based categorization of the isolates. These phylogenetic analyses strongly demonstrate that the two isolates are both members of the genus Ciceribacter, and probably belonging to the same novel species.
As mentioned previously, symbiotic functions are key features of species of the Rhizobiaceae family, and two symbiosis-associated genes, nifH and nodA, are responsible for nitrogen fixation and nodule formation, respectively. Accordingly, strains F43b T and F21 were screened for nifH and nodA. These two genes were amplified using the primer pair PolF/PolR [15] and nodA-1/nodA-2 [16] , respectively. However, neither nifH nor nodA could be amplified from these two isolates. The lack of nifH in the isolates represented a difference from the strain MSSRFBL1
T [4] , demonstrating that they were different species.
To classify these two isolates, their most closely related strain, C. lividus MSSRFBL1 T , was obtained from the KCTC biological resource centre. R. rosettiformans W3 T and R. daejeonense L61 T were obtained from the DSMZ biological resource centre. Unless otherwise specified, the isolates and reference strains were routinely and aerobically cultured at 30 C in DSMZ medium 98.
Gram reactions were performed by a previously reported method [17] . Cell morphology and the presence of flagella were examined with a transmission electron microscope (H-7650; Hitachi) and a scanning electron microscope (S-3000N; Hitachi). Colonies of F43b T and F21 strains grown on agar plates for 2 days were circular, convex, entire, glistening and semi-translucent with a diameter of up to 10 mm. Both strains were Gram-negative and non-sporeforming rods, 1.0-2.0 µm long and 0.6-0.8 µm wide, with a flagellum (Fig. S6 ). Both strains grew anaerobically in a medium supplemented with 20 mmol l À1 glucose and 20 mmol l À1 nitrate. Growth pH, temperature and salinity tolerance ranges were tested aerobically by shaking at 180 r.p.m. Growth occurred at pH 6.0-9.0 (optimum, 7.5), at a temperature of 20-42 C (optimum, 37 C) and a salinity (NaCl equivalent) up to 3.5 % (w/v). Other physiological properties of the two isolates, including carbon source utilization and chemical sensitivity, were determined with GEN III MicroPlates (Biolog) according to the manufacturer's instructions and by comparison with reference strains.
Nitrate-reducing and thiosulfate-oxidizing experiments were performed using modified enrichment medium. For nitrate reduction, thiosulfate was replaced with 20 mmol l À1 acetate or 20 mmol l À1 glucose, and the cultures were cultivated anaerobically. For thiosulfate oxidization, nitrate was omitted from the medium and cells were cultivated aerobically with bicarbonate as the sole carbon source. For nitrate reduction and simultaneous thiosulfate oxidation, nitrate was adjusted to 10 mmol l À1 and the cultures were cultivated anaerobically with bicarbonate as the sole carbon source. The results showed that the two isolates, as well as strain W3
T , could utilize nitrate as an electron acceptor for growth; however, stain MSSRFBL1
T and L61 T could not. Only the two isolates identified herein could perform nitrate-reduction and thiosulfate-oxidization simultaneously (Fig. S1 ), which also demonstrated that these strains are facultative chemolithotrophs. The physiological and biochemical characteristics of all involved strains listed in Table 1 support that the isolates are of a novel species different from C. lividus.
For fatty acid, polar lipid and quinone analyses, all strains were aerobically cultivated to exponential phase in the same medium and conditions at 30 C. Cells were harvested by centrifugation at 10 000 g for 5 min and washed with saline (0.9 % NaCl) three times. Subsequently, the pellets were lyophilised using a vacuum freeze dryer. Dry cells (~50 mg) were added to a 20 ml reagent bottle. After saponification and methylation, cellular fatty acids were extracted using chromatographic pure n-hexane and analysed using a gas chromatography-mass spectrometry analyser equipped with an HP-5MS [18] . The predominant cellular fatty acids of strain MSSRFBL1 T were summed feature 2 (C 18 : 1 !9t, C 18 : 1 !9c and/or C 18 : 1 !11t, 62.6 %), C 14 : 0 3-OH (9.0 %), C 12 : 0 aldehyde (7.0 %), C 14 : 1 !9c (5.5 %) and C 16 : 0 (4.8 %). However, the major fatty acids of strain F43b T were summed feature 2 (C 18 : 1 !9t, C 18 : 1 !9c and/or C 18 : 1 !11t, 80.6 %), followed by C 14 : 0 3-OH (3.3 %), C 18 : 0 (3.3 %) and C 16 : 0 (3.1 %), which represented a significant difference when compared to strain MSSRFBL1 T (Table 2 and Fig. S8 ).
Polar lipids were extracted and analysed using the protocol described by Ramana et al. [19] . The polar lipids identified in the isolates were diphosphatidylglycerol, phosphatidylethanolamine, phosphatidymonomethylethanolamine and an unidentified glycolipid (Fig. S7) . The phosphatidylcholine and the other unidentified glycolipid identified in strain MSSRFBL1 T were not detected in strain F43b T , demonstrating that strain F43b
T was different from strain MSSRFBL1 T .
Quinones were extracted from 100 mg of dry cells using a chloroform-methanol (2 : 1 v/v) mixture, purified by thinlayer chromatography and analysed by high-performance liquid chromatography, according to the methods described by Nishijima et al. [20] . The predominant respiratory quinone of strains F43b T and F21 was ubiquinone Q-10, which was in accordance with all reference strains.
RNA-free genomic DNA from all strains was prepared for DNA-DNA hybridization analysis and the determination of G+C content; extraction and purification were conducted according to the procedure reported by Moore and Dowhan [21] . DNA-DNA hybridization is considered the standard method for assessing variations among species [22] . Hence, DNA-DNA hybridization between the isolates and reference
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Rhizobium lusitanum P1- T were 79.8, 47.7, 39.7, and 34.3 %, respectively (Fig. S9) . This indicated that strains F43b
T and F21 are of the same species and are significantly different from closely related species (<70 %) [24] .
DNA G+C contents were estimated by using the method described by Ahmed et al. [25] using RNA-free genomic DNA. The DNA G+C contents of strains F43b
T and F21 were 66.0±0.5 and 68.2±0.1 mol%, respectively, compared to 64.6±0.1 mol% for the closely related strain MSSRFBL1 T , 64.9±0.7 mol% for strain W3 T , and 63.8±0.4 mol% for strain L61
T .
Based on DNA-DNA hybridization results and chemotaxonomic features together with phenotypic properties, strains F43b T and F21 were clearly distinct from their nearest phylogenetic neighbours. Therefore, it is proposed that the two strains represent a novel species of the genus Ciceribacter, for which the name Ciceribacter thiooxidans sp. nov. is proposed, with the type strain being F43b T .
DESCRIPTION OF CICERIBACTER THIOOXIDANS SP. NOV.
Ciceribacter thiooxidans (thi.o.o¢xi.dans. Gr. n. theion, sulfur; N.L. v. oxido, oxidize; N.L. part. adj. thiooxidans, oxidizing sulfur).
Cells are Gram-negative, facultatively chemolithotrophic, facultatively anaerobic, non-spore-forming and rod-shaped (1.0-2.0Â0.6-0.8 µm) with a flagellum. Colonies are circular, convex, entire, glistening and semi-translucent with a colony diameter of up to 10 mm on DSMZ medium 98 agar, with slow growth on Luria-Bertani medium (LB). Growth occurs at pH 6.0-9.0 (optimum, 7.5), temperatures of 20-42 C (optimum, 37 C) and salinity up to 3.5 % (w/ v) NaCl. Nitrate is reduced to nitrogen gas. Utilized carbon 
